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Bone morphogenetic proteins (BMPs) secreted by
the dorsal neural tube and overlying ectoderm are
key signals for the specification of the roof plate
and dorsal interneuron populations. However, the
signals that confer nonneurogenic character to the
roof plate region are largely unknown. We report
that the roof plate region shows elevated oxygen
levels compared to neurogenic regions of the neural
tube. These high oxygen levels are required for the
expression of the antineuronal transcription factor
Hes1 in the roof plate region. The transcriptional
corepressor CtBP is a critical mediator of the oxy-
gen-sensing response. High oxygen promotes a
decrease in the CtBP occupancy of the promoter of
Hes1. Furthermore, under conditions of high oxygen
and BMP, CtBP associates with HES1 and represses
neurogenesis. We propose that CtBP integrates sig-
nals originating from microenvironmental levels of
oxygen and BMP to confer nonneurogenic character
to the roof plate region.
INTRODUCTION
Spatially and temporally defined cellular microenvironments
within the developing neural tube contribute to the establishment
of regional specialization. For example, opposing gradients of
bonemorphogenetic proteins (BMPs) and SHH cause the forma-
tion of distinct neural progenitor populations along the dorsal-
ventral axis of the neural tube. Oxygen levels have not been
previously linked to regional specialization in the developing neu-
ral tube. However, low oxygen microenvironments in developing
embryos are known to regulate the development of vasculature,
bone, and other organs (Simon and Keith, 2008). In addition, ox-
ygen levels regulate the proliferation and differentiation of neural
stem cells in vitro (Gustafsson et al., 2005;Mohyeldin et al., 2010;
Simon and Keith, 2008).CtBPs are evolutionarily conserved transcriptional corepres-
sors that are essential for normal embryonic development (Hilde-
brand and Soriano, 2002). Interestingly, CtBPs bind NADH, and
this interaction regulates their transcriptional activity. Therefore,
CtBPs can act as sensors of microenvironmental oxygen and
cellular metabolism (Di et al., 2013; Zhang et al., 2002).
CtBP proteins have been coupled to the transcription factor
CSL, forming a complex that represses the expression of anti-
neuronal genes such as Hes1 (Oswald et al., 2005). The tran-
scription factor HES1 maintains the self-renewing ability of neu-
ral progenitors and inhibits neurogenesis (Nakamura et al., 2000)
by repressing the expression of proneural transcription factors
such as MATH1 and MASH1 (Kageyama et al., 2005). In the
developing neural tube, high levels of HES1 expression in the
roof plate region are required to exclude neurogenesis from
this region (Baek et al., 2006).
Here, we show that the roof plate and the floor plate regions
show elevated oxygen levels compared to the neurogenic re-
gions of the developing neural tube, and that high oxygen is
required for the expression ofHes1 in the roof plate. We propose
a model where the high oxygen and BMP levels in the roof plate
form a microenvironment that is antineurogenic and CtBPs act
as sensors and actuators in the antineurogenic response.RESULTS
The Developing Neural Tube Shows Gradients of
Oxygen Levels
To examine the spatial oxygen tension profile in the developing
neural tube, we incubated chick embryos with EF5, a compound
that acts as a cellular sensor of oxygen levels (Boutin et al., 2008;
Carmeliet et al., 1998; Koch, 2002). At low oxygen levels, EF5 is
biochemically reduced to form a reaction product that can be de-
tected by the ELK3 antibody. Increasing oxygen levels progres-
sively inhibits the reduction reaction resulting in loss of ELK3
signal. Therefore, ELK3 signal correlates inversely with oxygen
tension (Boutin et al., 2008). ELK3 labeling of chick embryos
treated with EF5 at Hamburger Hamilton (HH) stages 13 and 17
revealed the presence of gradients of oxygen levels in theCell Reports 8, 665–670, August 7, 2014 ª2014 The Authors 665
Figure 1. The Developing Neural Tube
Shows Gradients of Oxygen Levels
(A–E) (A) Cross-sections of chick embryo neural
tubes treated with EF5 and labeled with ELK3 at
Hamburger Hamilton (HH) stages 13 and 17. (B–E)
HH17 embryos in normoxic (B and D) or hypoxic
(C and E) conditions stained for ELK3, the RP and
FPmarker LMX1B and the neural stem cell marker
SOX1 by immunohistochemistry or labeled for
Hes1 by in situ hybridization. Images show the
dorsal neural tube including the RF region (B and
C) or ventral domains and the FP region (D and E).
Images are representative of four independent
experiments. Scale bars, 50 mm.
(F) Hypoxia caused an upregulation of Tubb3 ex-
pression in NSCs cultured in BMP4 but not in FGF2
conditions. p = 0.0110, one-sample t test; n = 3.
(G) Conversely, Sma expression was down-
regulated by hypoxia in NSCs treated with BMP4
but not FGF2. p = 0.0257, one-sample t test; n = 3.
(H) Glut1 expression was upregulated by hypoxia
in both BMP4 and FGF2 conditions; n = 3.
Error bars, mean ± SEM. N, normoxia; H, hypoxia.
See also Figures S1 and S2.developing neural tube (Figure 1A). At HH13, the dorsal region of
the neural tube showed the lowest levels of ELK3 signal, corre-
sponding to the highest oxygen levels (Figure 1A). At HH17, the
ELK3 signal was strongest in the intermediate region of the neural
tube, decreasing in a graded manner toward the dorsal and
ventral regions of the neural tube (Figure 1A). The levels of oxygen
were estimated to be in the range of 10.9 ± 1.7 (average ± SEM)
times higher in the roof plate region compared to the levels de-
tected in the intermediate region of the neural tube (Figures
S1A–S1C). The lowest staining intensity of ELK3 at HH17 corre-
latedwith theexpressionof the transcription factor LMX1B,which
defines the roof plate (RP) in the dorsal region of neural tube and
the floor plate (FP) ventrally (Figures 1B and1D). These are impor-
tant nonneurogenic regions that expressdistinct signaling factors
that provide positional information to neural progenitors in the
neural tube (Caspary andAnderson, 2003). Thispattern of oxygen
levels in the chick neural tube was confirmed using pimonidazole
(Nombela-Arrieta et al., 2013), an alternative hypoxiamarker (Fig-
ure S1D). Together, these data reveal the establishment of a
unique microenvironment of high oxygen tension in nonneuro-
genic regions of the neural tube at early stages of development.
To investigate the roles of oxygen levels in RP and FP identity,
we incubated chick embryos in hypoxic conditions (1% oxygen)
for 3 hr. We observed an increase in the levels of ELK3 signal
throughout the neural tube as compared to embryos incubated
in normoxic conditions (21% oxygen) (Figures 1B-1E). Impor-
tantly, the decrease of oxygen tension in the RP and FP region
did not abrogate the expression of LMX1B, although the expres-
sion levels were lower than in embryos maintained in normoxic
conditions (Figures 1C and 1E), indicating that the identity of
these structures is maintained. Both FP and RP express high
levels of Hes1, a transcriptional repressor that is required to
confer nonneuronal character to these regions during develop-
ment (Baek et al., 2006). Strikingly, we observed that the expres-
sion of Hes1 was nearly ablated in the RP region upon exposure
to hypoxic conditions (Figures 1B, 1C, and S2A). However, the666 Cell Reports 8, 665–670, August 7, 2014 ª2014 The Authorsexpression of Hes1 in the FP region was maintained (Figures
1D and 1E). Therefore, in the unique microenvironment of the
RP with high BMP levels, oxygen levels regulate Hes1 expres-
sion. Importantly, HIF-1alpha, a central mediator of cellular re-
sponses to hypoxia, shows little or no expression in the roof plate
region of the developing neural tube (Etchevers, 2003; Ota et al.,
2007). Accordingly, electroporation of the chick neural tube with
HIF-1alpha-VP16, which activates the expression of transcrip-
tional targets of HIF-1alpha mimicking hypoxic conditions, did
not alter expression of Hes1 (Figure S2B). Therefore, HIF-1alpha
does not appear to mediate the oxygen-sensitive regulation of
Hes1 expression in the roof plate.
The loss of Hes1 expression in the RP in hypoxic conditions
prompted us to evaluate the effects of oxygen on the identity
of neural progenitors exposed to BMP. However, it was not
possible to perform this analysis in chick embryos due to loss
of viability in long-term exposure to hypoxic conditions. There-
fore, we used an established neural stem cell (NSC) system
derived from cortices of midgestation rat embryos that ac-
quires properties of the dorsal neural tube upon treatment with
BMPs (Andersson et al., 2011; Teixeira et al., 2007, 2009). In
particular, NSCs treated with BMP4 express the RP marker
SLUG and generate nonneuronal cell types, primarily astrocytes,
and mesenchymal fates (Gajavelli et al., 2004; Figure S2C). Un-
der hypoxic conditions, BMP4-treated NSC cultures showed
increased expression of the neuronal marker Tubb3 (Figure 1F).
Moreover, induction of Tubb3 was accompanied by a reduction
in the expression of the mesenchymal fate specific gene smooth
muscle actin (Sma) (Figure 1G). NSCs treated with FGF2 main-
tain a proliferative neural stem cell state. The levels of Tubb3
or Sma were unaltered by hypoxia in NSCs treated with FGF2
(Figures 1F and 1G) even though the expression of the hypoxia
responsive geneGlut1 increased in hypoxic conditions irrespec-
tive of whether NSCs were treated with FGF2 or BMP4 (Fig-
ure 1H). Together, these data suggest that the normoxic state
is required for repression of neurogenesis and specification of
Figure 2. CtBPs Repress Neuronal Differentiation of NSCs in
BMP4 Conditions
(A) Immunocytochemistry of endogenous CtBP1 andCtBP2 proteins (in green)
in NSCs cultured in the presence of BMP4. DAPI staining (in blue) was used to
label the nuclear region.
(B) NSCs transfected with VP16-CtBP1 show an increase in immunoreactivity
to TUJ1 compared to control EGFP-transfected cells. Scale bars, 50 mm.
(C) Quantitative PCR analysis confirms the upregulation of Tubb3 expression
in NSC cultures transfected with VP16-CtBP1 compared to control-trans-
fected cells. p = 0.0012, one-sample t test; n = 3.
(D) Cotransfection of siRNAs against CtBP1 and CtBP2 caused an increase
in Tubb3 expression in NSCs treated with BMP4 for 2 days. p = 0.0108, one-
sample t test; n = 4.
Error bars, mean ± SEM. See also Figure S3.
Figure 3. Activation of CtBP Target Genes Converts the Non-
neurogenic RP of the Early Chick Spinal Cord into Postmitotic
Neurons
(A) Cross-sectional view of the chick spinal cord electroporated with VP16-
CtBP1 showing ectopic expression of the neuronal markers NeuN and TUJ1 in
the roof plate region. Control embryos electroporated with CtBP1 together
with GFP did not show expression of NeuN or TUJ1 in the RP region.
(B) VP16-CtBP1 misexpression caused downregulation of the premigratory
neural crest marker SLUG in the RP region.
E.P., electroporation. , control side; +, electroporated side. Scale bars,
50 mm.alternative nonneuronal fates in NSCs exposed to high levels
of BMPs.
CtBPs Repress Neuronal Differentiation of NSCs in
BMP4 and Normoxia
Oxygen levels in the microenvironment are inversely correlated
with the cellular content of NADH (Zhang et al., 2006). Interest-
ingly, NADH is a known regulator of the transcriptional corepres-
sors C-terminal binding protein 1 and 2 (CtBP1/2) (Zhang et al.,
2002). NADH facilitates the dimerization of CtBPs and promotes
their repressive activity (Kumar et al., 2002). Therefore, CtBPs
are prime candidates for mediating transcriptional responses
to microenvironmental levels of oxygen. In the developing neural
tube, CtBP1 and CtBP2 were expressed in a graded manner
along the dorsal-ventral axis of the developing chick spinal
cord and hindbrain (HH17), showing high expression in the RP
(Figures S3A–S3C; Van Hateren et al., 2006). BMP4-treatedNSCs expressed nuclear CtBP1 and CtBP2 (Figure 2A). To
address a potential role for CtBPs in mediating repression of
neurogenesis in the normoxic state, we transfected NSC cul-
tures treated with BMP4 with a construct encoding a fusion pro-
tein of CtBP1 and the Herpes Simplex transactivation domain
VP16 (VP16-CtBP1), which activates CtBP target genes. Under
normoxic conditions, the expression of VP16-CtBP1 was suffi-
cient to activate the expression of the bona fide CtBP target
gene cadherin 1 (Cdh1) (Postigo and Dean, 1999) (Figure S3D).
VP16-CtBP1 overexpression induced the neuronal differentia-
tion of transfected cells (Figures 2B and S3E), further confirmed
by increased expression of Tubb3 (Figure 2C). Moreover,
knockdown of CtBP1 and CtBP2 expression by small interfering
RNA (siRNA) in NSC cultures in normoxia (Figures S3F–S3H)
resulted in a hypoxia-like phenotype with increased expression
of Tubb3 (Figure 2D). Thus, the repressive activity of CtBP pro-
teins is required in the normoxic state to repress neurogenic
programs.
Activation of CtBP Target Genes Converts the
Nonneurogenic RP into Postmitotic Neurons
To investigate whether the repressive activity of CtBP is required
to exclude neurogenesis from the RP region in the developing
neural tube, we electroporated the presumptive RP region of
stage 10 chick embryos with expression constructs encoding
VP16-CtBP1 (Figure 3). Similar to its effects in NSCs, expression
of VP16-CtBP1 in the RP domain induced ectopic generation of
TUJ1+ and NeuN+ neurons (Figure 3A) and suppressed the
expression of the premigratory neural crest marker SLUG (Fig-
ure 3B). Thus, CtBPs participate in the repression of neuronal
fates in the RP region in vivo during development.
CtBP Is Depleted from thePromoter ofHes1 in Normoxia
We have shown that, in the RP region of the developing neural
tube, reduction of oxygen levels causes repression of Hes1Cell Reports 8, 665–670, August 7, 2014 ª2014 The Authors 667
Figure 4. In Normoxia, CtBP Is Depleted from the Promoter of Hes1
and Cooperates with HES1 to Repress the Proneural Transcription
factor Math1
(A) ChIP analysis indicates that normoxia (N) causes depletion of CtBP1 from
the Hes1 promoter compared to hypoxia (H).
(B) GST pull-down revealed that CtBP1 interacts with HES1 in NSC extracts.
(C and D) ChIP analysis of theMath1 promoter using antibodies against CtBP1
(C) and HES1 (D) and an immunoglobulin G (IgG) control.
(E) Quantitative PCR shows increased expression of Math1 in NSCs upon
transfection with siRNA against CtBP1 and CtBP2. p = 0.0110, one-sample t
test.
Error bars, mean ± SEM (a, n = 2; c, n = 5; d, n = 2, e, n = 6). See also Figure S4.expression. To address whether CtBPs directly regulate Hes1
expression, we performed chromatin immunoprecipitation
(ChIP) assays. Because the RP tissue is not amenable for ChIP
analysis due to its reduced size, we used NSCs treated with
BMP4 under normoxic and hypoxic conditions. ChIP analysis
of CtBP1 revealed that CtBP1 binds to a previously character-
ized promoter region of Hes1 (Mulligan et al., 2011) in an oxy-
gen-dependent manner, with hypoxic conditions promoting the
occupancy of this region by CtBP1 (Figure 4A). Importantly, we
confirmed that hypoxic conditions increase the levels of free
NADH/NAD+ in neural stem cells (data not shown). These results
suggest that high oxygen levels promote the depletion of CtBP
proteins from the Hes1 promoter, thereby contributing to the
maintenance of high expression levels of Hes1 and repression
of neurogenesis in the RP.
CtBP Cooperates with HES1 to Repress the Proneural
Transcription Factor Math1
Hes genes have been shown to repress the expression of pro-
neural basic helix-loop-helix (bHLH) transcription factors,
thereby excluding neurogenesis from the RP domain (Imayoshi668 Cell Reports 8, 665–670, August 7, 2014 ª2014 The Authorset al., 2008). MATH1 (ATOH1) is a proneural bHLH transcription
factor expressed in the neural progenitor domain ventrally abut-
ting the RP that gives rise to the dorsal-most population of spinal
cord interneurons, DI1 (Akazawa et al., 1995). Hes1/3/5 mutant
mouse embryos initially show ectopic expression of Math1 and
later on the expression of neuronal markers in the RP (Baek
et al., 2006). Further, MATH1 overexpression in the presumptive
RP region promotes neuronal differentiation and prevents neural
crest formation (Ebert et al., 2003). Strikingly, these effects
resemble the phenotype of VP16-CtBP1 overexpression in
the RP. Therefore, we hypothesized that CtBP could act as a
corepressor of HES1 in repressing Math1 expression. Pull-
down assays using recombinant GST-CtBP1 and NSC nuclear
extracts supported the presence of CtBP1 in the HES1 complex
(Figure 4B). In situ Proximity Ligation Assay (in situ PLA)
confirmed the interaction between HES1 and CtBP1 and further
showed that there is no clear change in this interaction upon hyp-
oxia treatment (Figures S4A–S4C). ChIP analysis confirmed the
presence of CtBP1 in the promoter ofMath1 (Figure 4C). This re-
gion contains a consensus-binding site for HES1 (Figure S4D),
and ChIP analysis using an antibody detecting HES1 confirmed
the binding of HES1 to this region (Figure 4D). Further, knock-
down of CtBP1 and CtBP2 in NSCs treated with BMP resulted
in amarked induction ofMath1 expression (Figure 4E), indicating
that CtBPs are required to repress the expression of Math1.
Together, these results provide evidence that a CtBP-HES1
repressor complex mediates the repression of neurogenic
Math1 expression.
DISCUSSION
This work defines the roof plate in the developing neural tube
as a unique microenvironment with high oxygen and BMP levels.
Further, we introduce CtBP as a key molecular integrator of
oxygen and BMP signals, required for nonneurogenic potential
in the developing neural tube.
We describe the presence of CtBP in the HES1 complex, pre-
viously shown to contain the corepressor Groucho (Jennings
et al., 2006). CtBP and Groucho have been described in several
repressive complexes in Drosophila (Barolo et al., 2002; Payan-
kaulam and Arnosti, 2009) and in the TCF/LEF repressive com-
plex in mammalian cells (Merrill et al., 2001; Tam et al., 2008),
often with cooperative roles. However, contrary to Groucho,
CtBP binds NADH and this interaction regulates its repressive
activity. Therefore, CtBP is uniquely suited to provide a link be-
tween oxygen levels and transcriptional regulation. We show
that high oxygen levels are required to exclude CtBP from the
Hes1 promoter and to maintain the expression of Hes1 in the
RP region.
We found that the oxygen gradients in the early neural tube
are dynamic. The floor plate region of the neural tube showed
elevated oxygen levels at HH17 but not at HH13, whereas the
RF showed high oxygen levels at HH13 that were maintained
at HH17. Decreasing oxygen levels in the entire neural tube, by
exposing the embryos to hypoxic conditions, caused a downre-
gulation of Hes1 in the RP but not in the FP, indicating that
oxygen regulation of transcription in the developing neural tube
is context dependent. Further, the dynamic pattern of oxygen
levels in the developing neural tube suggests that oxygen ten-
sion may have an important role in regulating transcription in
other regions of the CNS during early development.
We and others have previously described rapid induction of
Hes/Hey family members in cortical NSCs by BMP signaling (An-
dersson et al., 2009; Masserdotti et al., 2010). The present study
does not exclude additional complexity of regulatory events, but
rather highlights a mechanism for HIF-1alpha-independent inte-
gration of microenvironmental oxygen levels in transcriptional
regulation of lineage decision. Of note, the transcriptional activity
of CtBP1/2 can be influenced by posttranslational modifications
and by homo- and heterodimerization (Barnes et al., 2003; Lin
et al., 2003; Zhao et al., 2007), potentially presenting additional
mechanisms of regulation of the activity of CtBPs in neural
development.
In summary, evidence from the analysis of roof plate pheno-
types and from molecular analysis of NSCs suggests that
CtBPs repress neuronal differentiation in high oxygen and
BMP conditions. We propose that this is a mechanism to
exclude neurogenesis from the roof plate region of the neural
tube.
EXPERIMENTAL PROCEDURES
Neural Stem Cell Culture
Rat embryonic neural stem cells (NSCs) were derived as previously described
(Johe et al., 1996). Animals were treated in accordance with institutional and
Swedish national guidelines (ethical permit no. N310/05). Nucleofection of
NSCs was carried out in a Nucleofector (Lonza) using program A-33, under
conditions recommended by the manufacturer. After nucleofection, cells
were cultured overnight in FGF2 (R&D Systems) containing medium. Then me-
dium was changed and supplemented with BMP4 (R&D Systems). Hypoxia
treatments were done in a custom-made chamber using 1% oxygen and
5% CO2. NSCs were exposed to hypoxia approximately 12 hr before addition
of BMP4.
Chick In Ovo Electroporation
Chick embryos were electroporated at stages HH 10-12 with pCAGGs-nls.
VP16-CtBP1 construct or pCAGGs-CtBP1 and pCAGGs-GFP constructs at
a concentration of 1 mg/ml each. Electrodes were place manually at either
side of the neural tube and electroporation was carried out using a T820 elec-
trosquareporator (BTX) delivering two 25 ms pulses of 6V. Electroporated em-
bryos were incubated at 38C for 24 hr, retrieved from the egg, fixed in 4%
paraformaldehyde, and processed for immunohistochemistry or in situ hybrid-
ization. Images are representative of at least four independent experiments for
each condition.
EF5, Pimonidazole, and Hypoxia Treatments
One hundredmicroliters of a 10mMEF5 solution or of a 12 mg/ml pimonidazole
(Hypoxyprobe) solution diluted in Leibovitz’s media was injected into the air
cavity of HH stage 13 or 16/17 chick embryos. Embryos were subsequently
incubated at 38C for 3 hr at ambient or low (1%, for HH17 embryos) levels
of oxygen before collection and analysis. Robust labeling was achieved in
approximately a third of treated embryos.
Statistical Analysis
Statistical analysis and graphs were performed using the software Prism 4
(GraphPad). One-way ANOVA analysis of variance with Bonferroni’s multiple
comparison test was used. Comparisons were performed between all treat-
ments, unless stated otherwise. Alternatively, t test or one-sample t test was
used. The threshold value for statistical significance (a value) was set at 0.05
(*p < 0.05). In all graphs, results are expressed asmean ±SEM. ‘‘n’’ in the figure
legends represents the number of independent experiments.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2014.06.057.
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